We present angle-resolved photoelectron spectroscopy data probing the electronic structure of the Nd-substituted high-Tc cuprate La1.48Nd0.4Sr0.12CuO4 (Nd-LSCO). Data have been acquired at low and high photon energies, hν = 55 and 500 eV, respectively. Earlier comparable low-energy studies of La1.4−xNd0.6SrxCuO4 (x = 0.10, 0.12, 0.15) have shown strongly suppressed photoemission intensity, or absence thereof, in large parts of the Brillouin zone. Contrary to these findings we observe spectral weight at all points along the entire Fermi surface contour at low and high photon energies. No signs of strong charge modulations are found. At high photon energy, the Fermi surface shows obvious differences in shape as compared to the low-energy results presented here and in similar studies. The observed difference in shape and the high bulk-sensitivity at this photon energy suggest intrinsic electronic structure differences between the surface and bulk regions.
I. INTRODUCTION
One of the most studied cuprate high-T c superconductor systems is the La 2 CuO 4+δ system, which by the addition of Sr is hole-doped to give La 2−x Sr x CuO 4 (LSCO). The possibility to grow high quality single crystalline samples over a very wide Sr doping range has enabled a large amount of experimental studies devoted to its electronic structure. Contributions have come from several diverse experimental fields, for instance neutron scattering 1 , x-ray scattering 2 and angle-resolved photoelectron spectroscopy (ARPES) 3 . Two of the investigated properties are the suppression of superconductivity in LSCO near x = 0.12 and the possible existence of dynamic and static one-dimensional charge ordering (stripes) in LSCO and the Nd-substituted La 2−x−y Nd y Sr x CuO 4 (Nd-LSCO). ARPES has, much due to its ability to directly measure the spectral function A( k, ω), proven to be a very powerful tool in the studies of these and other central features of the electronic structure of the high-T c superconductors.
The vast majority of ARPES studies on cuprate high-T c systems have been performed in the relatively low range of photon energies 20 -100 eV. At these energies ARPES experiments suffer from a number of limitations and a certain amount of caution is necessary in the interpretation of these data. Particular attention should be paid to the limited probing depth at these low photon energies. This factor can pose a problem since a significant amount of the electron signal could come from other parts of the crystal structure than the deep lying Cu-O planes believed to be responsible for the mechanisms of high-T c superconductivity. This and other difficulties are to some extent overcome by carrying out ARPES measurements at high photon energies in the soft x-ray region. However, in this energy range other drawbacks appear, for instance the cross section for photoelectric effect is much lower and the obtainable energy and angular resolutions are significantly worse, as compared to the 20 -100 eV photon energy range. Not until recently has the experimental progress permitted successful electronic structure studies using ARPES at soft x-ray photon energies 4, 5, 6 . Given the benefits and drawbacks of ARPES performed at low and soft x-ray photon energies, respectively, the combination of ARPES studies carried out in both energy ranges would provide a much more complete picture of the electronic structure in systems such as the strongly correlated cuprate superconductors.
Here we report an ARPES study performed on the La 2−x−y Nd y Sr x CuO 4 (x = 0.12, y = 0.4) system at two different photon energies, hν = 55 eV and hν = 500 eV. The low photon energy dataset permits a detailed analysis of the near Fermi edge dispersion along the entire Fermi surface from the d-wave gap node direction to the antinode direction. On the other hand, the high photon energy data give access to the electronic structure at a much larger probing depth and enables a comparison to the low-energy data regarding such features as the shape and volume of the Fermi surface and the distribution of spectral intensity along it.
II. EXPERIMENTAL DETAILS
The single crystalline La 1.48 Nd 0.4 Sr 0.12 CuO 4 (Nd-LSCO) samples, grown by the travelling solvent floating zone method, had a T c of 7 K. The high quality of the sample has been confirmed by neutron scatter- ing measurements 7 performed on this particular batch. The samples were cleaved in situ under ultra-high vacuum conditions (base pressure < 2 × 10 −10 mbar) using a specially designed cleaver tool 8 (low-energy data) and a glued on post (high-energy data), respectively. ARPES measurements were performed at two different synchrotron radiation facilities: (1) at the Swiss Light Source (SLS) synchrotron radiation facility using the Surface and Interface Spectroscopy beam line X09LA-HRPES 9 and (2) at the SPring-8 synchrotron radiation facility using the BL25SU beam line 10 . At the former beam line we have performed high-resolution spectroscopy (∆E = 50 meV) at hν = 55 eV and T = 20 K using circularly polarized light. At the latter beam line we have performed high photon energy (hν = 500 eV) ARPES measurements at an energy resolution of 100 meV at T = 20 K, also using circularly polarized light. Both ARPES end stations are equipped with Gammadata Scienta angle-resolving electron analyzers, the SLS end station has the SES-2002 model while the SPring-8 end station has the SES-200 model. The angular resolution along the analyzer slit was in both datasets on the order of ±0.1
• , corresponding to momentum resolutions of 0.020Å −1 and 0.006Å −1 . In the direction perpendicular to the analyzer slit, the momentum resolutions were on the order of 0.019Å −1 and 0.030Å −1 at low and high photon energies, respectively. As one moves along the Fermi surface from the nodal direction towards the (π, 0) antinodal point, following the numbered curves from 1 to 8 in Fig. 2 (c), the EDC:s show some evolution in terms of spectral shape. The near Fermi edge peak structure is most sharp in EDC number 3, slightly suppressed in 4 -6 and finally starts to gain weight and gets more well-defined again close to the antinode in 7 and 8. These peaks are however much broader than those observed in La 2−x Sr x CuO 4 (x = 0.145, 0.17) in the superconducting state 11, 13 and hence it is difficult to characterize them as quasiparticle peaks in a strict sense. Still it is possible to identify a more or less sharp peak in angle-resolved EDC:s for all
Binding energy (eV) (c) momenta around the entire Fermi surface contour. This behavior contrasts to the results of Zhou et al. 3 , who did not find any EDC:s with sharp peak structure along the entire Fermi surface contour, although some dispersion clearly was present in certain regions of the Brillouin zone.
The distribution of spectral weight integrated over a narrow energy window around the Fermi edge is shown in Fig. 2(a) . Before obtaining this intensity map, a linear background was subtracted from each momentum distribution curve in the ARPES spectra. The Fermi surface contour is centered around the Γ point and has a volume reasonably consistent with the value 1 − x given by the Luttinger theorem 14 . With a filling level of 0.86 ± 0.05 the Luttinger theorem gives a doping level x = 0.14. Considering the limits given by experimental uncertainty, this value agrees well with the nominal doping level of our sample (x = 0.12). The shape of this Fermi surface contour and the distribution of intensity around it are both significantly different from the ARPES results of Zhou et al.
3 , acquired at 55 eV photon energy from a La 1.28 Nd 0.6 Sr 0.12 CuO 4 sample. Integration of their ARPES spectra over a 100 meV wide energy window around the Fermi level resulted in a concentration of intensity to straight patches located in a small momentum space region centered on the (π, 0) antinodal point. Our data also display a region of strong intensity around the (π, 0) point. However its shape is different from that in the data of Zhou et al. In their data the boundary of spectral weight confinement is straight, while it is curved in our data. Near (π, 0) the locus of maximum intensity in Fig. 2(a) closely follows the red dotted curve resulting from a tight-binding expression in (b). This behavior also contrasts to that in the data of Zhou et al., where the intensity reaches its maximum value in a small region of almost circular shape centered on the (π, 0) point.
Zhou et al. 3 found only very weak spectral intensity in regions of the Brillouin zone other than the antinodal area. Especially in the vicinity of the (π/2, π/2) point the suppression of intensity was almost complete, giving a very poorly defined Fermi surface. A later ARPES study on La 1.4−x Nd 0.6 Sr x CuO 4 (x = 0.10, 0.15) performed by Zhou et al. 15 indicated the presence of some spectral weight in this region, though strongly suppressed. However, our ARPES data when integrated over a 15 meV wide energy window result in evident spectral intensity along the entire Fermi surface, also in the vicinity of the (π/2, π/2) point. This is a fact one should note since it could give an indication on the strength of the charge modulations in Nd-LSCO. Strong suppression of spectral weight in the d-wave node direction, as observed in Ref. 3 , would point to a likewise strong modulation of charge. On the contrary, we observe strong spectral weight near the d-wave node location, which rather can be interpreted as the absence of strong charge modulations.
Furthermore, it is interesting to compare the shape of the near Fermi edge distribution of spectral weight from ARPES measurements with results from calculations. LDA calculations on the La 2−x Sr x CuO 4 system 16,17 have indicated a notable valence band dispersion with respect to the out-of-plane component of electron momentum, k z . Xu et al. 16 present such LDA results and show the Fermi surface topology for k z = 0 and k z = π/c. Our 55 eV ARPES results show a spectral weight distribution of reasonably similar shape as compared to the calculated results for k z = 0. This is however not the case for the ARPES data of Zhou et al 3 . The straight patches of intensity seen in their data are not reproduced by the calculation. Instead the LDA Fermi surface contour to a large extent runs more or less parallel to the [1,-1] direction, c.f. the red dotted curve in Fig. 2(b) of the present study.
Several aspects speak for the importance of highly bulk-sensitive photoemission measurements on the cuprate high-T c superconductors. Cleaving of an Nd-LSCO single crystal will always result in a sample with differences in electronic structure between the outermost surface layer(s) and the deeper lying bulk material. Such differences can definitely induce modifications in the electronic structure as probed by ARPES 4 . Moreover, the layered high-T c cuprate compounds have a large unit cell with one or several Cu-O planes, where the fundamental mechanisms of superconductivity are believed to originate. Virtually all ARPES measurements on high-T c systems have been interpreted as reflecting the electronic structure of these Cu-O planes. This assumption must however not necessarily be true. For instance, cleaving of a single crystal cuprate sample could easily result in a sample surface with the outermost Cu-O plane positioned at a depth of severalÅngströms beneath the cleaved surface. The commonly used range of photon energies for ARPES measurements on these systems is 20-100 eV, which makes the measurement more surface sensitive than bulk sensitive. In such a surface sensitive data set a considerable amount of the photoemission signal can originate in other crystal planes, located closer to the cleaved surface, than the Cu-O plane one is primarily interested in.
In addition, there have been observations of a strong inelastic and photon energy dependent scattering in Sr and Ca core-level photoemission data from another compound in the cuprate family, namely Bi 2 Sr 2 CaCu 2 O 8+δ 18 . Scattering of this kind gives a reduced mean free path for the photoemitted electrons as they propagate from the point of photon absorption towards the sample surface. For emission from a deeply lying Cu-O plane this type of scattering could reduce the mean free path to such a degree that these electrons only would contribute a small part of the total photoemission signal. However, the influence such effects might have on photoemission data from the cuprate systems is largely reduced by performing experiments which make use of photon energies in the soft x-ray region.
Moreover, in order to interpret the measured spectrum as the single-particle Green function one has to assume that the photoelectron upon excitation becomes effectively decoupled from the rest of the system. This assumption is readily justified at high energy but is more questionable at low energy. Figure 3 (a) displays an ARPES spectrum from Nd-LSCO acquired at a photon energy of 500 eV. One can clearly discern two distinct dispersive valence band features crossing the Fermi level in the momentum region k = 0.4 to 1.0Å −1 . Weaker signs of another dispersive feature can also be noted near k = −1.0Å −1 . Even though the spectra of Figs. 1(a) and 3(a) are collected using the same analyzer acceptance angles, a much larger part of momentum space is covered in the latter due to the use of the higher photon energy. The momentum space orientation of this particular cut is displayed in Fig. 3(b) .
The combination of an inferior energy resolution and a lower count rate for photoemission experiments in the soft x-ray energy region makes it difficult to perform a detailed analysis in terms of EDC peak dispersion as was done for the low-energy data set. However, the near Fermi edge distribution of spectral weight is readily analyzed and can also be compared to the low-energy results. The two datasets (low and high energy) were obtained with energy resolutions of 50 meV and 97 meV, respectively. To be able to compare the two datasets, we have simulated the effect of a different energy resolution in the low-energy data in the following way. The lowenergy ARPES spectra have been energy broadened by convolution with a Gaussian function whose full width at half maximum (83 meV) is calculated from the energy resolutions in the two datasets. Figure 4 displays color coded maps of spectral intensity integrated over an energy window ranging from 40 meV below to 30 meV above the Fermi level for the broadened low-energy data and the high-energy (500 eV) data. Before these intensity maps were obtained, a linear background was subtracted from each momentum distribution curve in the ARPES spectra. The spectral intensity displayed in this figure has been folded into the quadrant (k x , k y > 0) then symmetrized with respect to the Γ-(π, π) line and finally duplicated to fill the entire Brillouin zone.
As the Gaussian broadened intensity map of Fig. 4 (a) is compared to that based on the untreated ARPES spectra in Fig. 2(a) , one notices that the two figures are strikingly similar as far as both shape and distribution of spectral intensity are concerned. The only noticeable influence from the modified energy integration window and the energy broadening is a slight redistribution of intensity at the antinode. Hence, the use of different energy resolutions in the two current data sets is not affecting the Fermi surface properties studied here to any larger extent. Any differences such as the Fermi surface shape or the variation of spectral intensity must hence be attributed to other circumstances, such as the difference in photoemission probing depth. A more interesting comparison is that between the two intensity maps in Fig. 4 . At high energy (b), spectral weight is present along the entire contour from the nodal to the antinodal direction. This behavior is similar to our own 55 eV data but in contrast to the low-energy data presented in Ref. 3 . The high-energy contour encloses a region, whose volume is reasonably consistent with the Luttinger value 1 − x. A filling level of 0.84 ± 0.05 corresponds to a doping value x of 0.16 which, within the limits of experimental uncertainty, matches the nominal Sr doping level of our sample (x = 0.12). The energy broadened 55 eV data in the same way result in a filling level of 0.86 ± 0.04, corresponding to an actual doping level of 0.14, within the experimental uncertainty limits of the nominal doping value. The difference in measured doping level between 55 and 500 eV could indicate a difference in doping between the surface region and the bulk of the sample but it is difficult to draw such a conclusion in view of the experimental uncertainties involved.
Regarding the shape and distribution of spectral weight along the Fermi surface there are notable differences between the low-and high-energy data. In Fig. 4(a) one notices the relatively large concentration of spectral intensity in a small area around the antinodal point, while the intensity is lower in other parts along the contour. The high-energy data of Fig. 4(b) has a more uniform intensity distribution with the antinode region at about the same level as other parts of the contour.
Turning to the shape of the Fermi surfaces, it is clear that there is a substantial difference between the more surface-sensitive data and the more bulk-sensitive data. The low-energy intensity in (a) approximately follows a contour whose centre of curvature is located at the (π, π) point. In contrast, the large segment in (b) seems to follow a contour whose centre of curvature is positioned at the Γ point. One also notices that the high-energy Fermi surface contour seems to be composed of two different segments. Besides the large segment already mentioned, there is also a small pocket centered at (π, 0). Experimental evidence for small Fermi surface pockets was recently observed in underdoped YBa 2 Cu 3 O 6.5 by means of Hall resistance oscillations 19 . In light of this, one might speculate that the existence of such pockets is something common among underdoped cuprates.
The observed differences in the Fermi surface shape are clearly related to the difference in probing depth between low and high kinetic energies. This demonstrates that caution is necessary in interpreting low-energy photoemission data as indicative of bulk properties even in quasi two-dimensional systems such as the cuprates. As a matter of fact, comparable behavior has already been observed in related systems. A similar result with a modified Fermi surface shape was recently observed in soft x-ray ARPES data from Nd 2−x Ce x CuO 4 4 . Highly bulksensitive hard x-ray photoelectron spectroscopy (XPS) data on La 2−x Sr x CuO 4 and Nd 2−x Ce x CuO 4 20 have also indicated a modified electronic structure down to probing depths of several nanometers.
As was done for the 55 eV data, one can also compare the shape of the high-energy contour from our ARPES measurements with results from LDA calculations on the La 2−x Sr x CuO 4 system 16 . In these theoretical results, a notable dispersion of the Fermi surface contour with respect to the out-of-plane component of electron momentum, k z , is observed. Based on this theoretical prediction it is hence possible to interpret the deviations in Fermi surface shape observed between the low-and high-energy data as partly due to probing of a different k z value.
IV. CONCLUSIONS
To conclude, the present ARPES study of the Nd-LSCO system at low and high photon energies shows differences in the near Fermi edge spectral characteristics as compared to previous studies. In contrast to earlier results, we observe evident spectral weight along the entire Fermi surface contour. No regions with suppressed spectral intensity are found and hence nothing in our data supports the presence of strong charge modulations. However, based on this observation it is difficult to draw any distinct conclusions regarding the influence of stripes in this compound. In a similar ARPES study on La 1.28 Nd 0.6 Sr 0.12 CuO 4 3 , performed at hν = 55 eV, virtually all spectral weight is confined to a small patch with linear boundaries located at the antinodal point. Contrary to this finding, the spectral intensity in our 55 eV data follows a curved, almost circular, contour from the nodal to the antinodal direction.
Moreover, our ARPES data acquired at 500 eV photon energy show clear differences as compared to the low photon energy data. At high energy, the spectral weight seems to be more evenly distributed over the entire Fermi surface contour, not showing particularly elevated inten-sity close to the (π, 0) point as is observed in our 55 eV data. One can also note a distinct change in Fermi surface shape between the 55 and 500 eV data sets. In going from low to high photon energy, the centre of curvature shifts from (π, π) to Γ with a possible addition of pockets at (π, 0). The increase in photoelectron probing depth at soft x-ray photon energies suggests that this can be explained by intrinsic electronic structure differences between the bulk and surface regions. Similar behavior supporting this conclusion has already been experimentally observed in Nd 1.85 Ce 0.15 CuO 4 using soft x-ray ARPES 4 and hard x-ray XPS 20 .
